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Abstract—This paper proposes an architecture for EVs with
three or more electric motors and highlights when adding more
motors does not impact the battery state of charge (SOC). The
proposed control algorithm optimizes the use of the motors on-
board to keep them running in their most efficient regions.
Simulation results along with a comparison with other current
motors used in EVs is presented in this paper, and further
discussion on the results is presented. With this architecture,
the powertrain would see a combined efficiency map that incor-
porates the best operating points of the motors. Therefore, the
proposed architecture will allow the EV to operate with a higher
range for a given battery capacity.
I. INTRODUCTION
In recent years, the automotive industry has been inclined to
shift from powertrains with only internal combustion engines
(ICEs) to either an ICE combined with an electric motor
(HEVs) or electric motors only (EVs). The two main driving
factors are the reduction of carbon dioxide (CO2) emission and
the increase in the price of fuel. HEVs have a more complex
powertrain when compared to EVs, and plenty of propulsion
architectures have been proposed for the use in HEVs [1]. The
three main types are parallel HEV, series HEV, and a series-
parallel HEV. The series-parallel HEV system is more complex
than the other two configurations, its main advantage is that it
can allow the ICE to run closer to its higher efficiency regions
more often [2].
Electric vehicles, on the other hand, couples an electric
motor to axle and wheels through transmission/differential and
a power electronics module couples the motor to a battery. Ar-
chitectures with two motors have been studied in the literature
and [3] provides a method for optimizing the torque applied
by each motor of a dual motor drive system of an all-electric
vehicle. The authors in [4] applied the Pontryagins minimum
principle optimization to their dual motor setup. Based on
the optimization results, a control strategy is developed which
is a combination of mode switching control and power-split
control. The research in [5] proposes a brake energy recovery
strategy for a dual-motor dual-axis electric powertrain. Their
new strategy achieves 9.95% higher regeneration than the front
axle braking strategy while keep the same driving behavior.
In [6], a novel dual-motor coupling powertrain that couples
speed and torque is proposed. Although coupling multiple
motors to a driveline could have its own complexity, it is a
problem with all HEVs or EVs that incorporate more than one
motor or engine and this technology has been well established.
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Fig. 1: (a) Single motor EV architecture, (b) proposed three-
motor architecture, and (c) proposed multi-motor architecture
with n-motors
The coupling of the motors onto a single powertrain will not
be the focus of this paper.
Other architectures have incorporated the motors directly on
to the wheels. One main advantage of in-wheel motors is the
reduction of distance for power transmission which would pro-
vide an increase in efficiency. A driving and control system for
a direct-wheel-driven EV is proposed in [7], which employs
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two permanent-magnet brushless dc motors (PMBDCMs) and
a control strategy that simplifies the commonly complex
differential algorithm for steering. In [8], a current distribution
control for a dual direct driven wheel motors is proposed. The
authors determine the necessary amount of input current to
each driving wheel with a load disturbance observer, model
following controller and a velocity command compensator.
Other control systems have been proposed for an EV with
four in-wheel drive systems such as those in [9] and [10].
Although in-wheel drive systems present specific technical
advantages, they face considerable challenges. Some of those
challenges include limited space to work with, increasing the
unsprung weight, and a lack of differential requires a complex
torque controller to achieve different wheel speeds [11]. Other
notable issues with in-wheel motors include the effects of
heat from braking on the motor performance, any shocks and
bumps seen on the road by the wheel would affect the motor
components connected in the wheel setup. An in-depth review
on mechanical causes of failure modes for in-wheel motors in
EVs is presented in [12].
This paper proposes an architecture for EVs that incorpo-
rates three electric motors with different operating regions to
be used for propulsion. The main advantage is that at different
speeds and torque demands, a controller can determine which
motor would be running based on their efficiency map. This
way the motor with maximum efficiency at the current speed
will be used for propulsion. Following this section, this paper
covers the proposed multi-motor architecture. Then, section 3
will discuss the proposed modeling of the EV followed by the
simulation results along with a comparison with other single
motor EVs in section 4. Finally, section 5 and 6 will discuss a
generalization of the architecture along with a brief conclusion.
II. PROPOSED MULTI-MOTOR ARCHITECTURE
A typical architecture of an EV with a single motor is
presented in Fig. 1(a). Considering that its a single motor,
its efficiency map would have a single region of high effi-
ciency. This means that unless the motor is running at the
desired optimal speed and torque, it would be operating in
regions that are not considered highly efficient. This paper
proposes a multi-motor approach for an EV powertrain shown
in Figs. 1(b) and 1(c) with three and n-motors respectively.
In this proposed architecture, three or more different motors,
with different operating regions are chosen. This way, a con-
troller can decide which motor to run based on their efficiency
map at the demanded torque and speed. This method produces
a larger high efficiency region seen by the powertrain, which
translates to less losses and consequently improves the SOC.
III. PROPOSED EV MODELING
There are two globally accepted methods for modeling
an EV, a forward-facing powertrain model and a backward-
facing powertrain model [13]. The modeling employed in
this paper is the forward-facing and was implemented in
MATLAB®/Simulink ®. Fig. 2 shows the main block diagram
representing the model of a typical EV. The drive cycle data
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Fig. 2: Block diagram of the proposed EV.
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Fig. 3: Block diagram of the motor model with a three-motor
configuration.
(reference vehicle speed) is compared with the actual vehicle
speed in the driver model block, and the difference (error)
is applied to a PID controller to define the accelerator pedal
position (APP) along with the brake pedal position (BPP).
The APP then goes to the motor block shown with more
details in Fig. 3. Herein, the APP requests the amount of
torque to reduce the speed difference, but is limited by a one-
dimensional lookup table that defines how much maximum
torque is allowed at the current motor speed. The output of the
limiter is the positive torque needed for traction. The controller
then decides which motor would be appropriate to use based
off its efficiency map, and requests that power from the battery.
Fig. 4 shows a flowchart of the controller logic. The SOC
is calculated using the coulomb counting method as shown
in [14], which can be re-written as:
SOC = SOC(t0)− 1
Crated
∫ tfinal
t0
Ibdt (1)
where Crated is the rated energy capacity of the battery, t0
is the initial time, tfinal is the final time, and Ib is the
battery current. The convention here is that positive current
Ib is coming from the battery. For a simplified battery model
consisting of an internal resistance (Ri) and voltage (Vi)
connected in series only, the current Ib is a function of the
power output of the battery (Pbatt), and can be defined as:
Ib =
Vi −
√
V 2i − 4RiPbatt
2Ri
(2)
where Pbatt =
1
η
Pmotor, η is the efficiency and Pmotor is the
output power of the motor. It is evident that as the efficiency
increases, Pbatt decreases as a result affecting the SOC.
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Fig. 4: Flowchart of motor controller.
TABLE I: Vehicle Dynamic Parameters.
Parameter Value
Air density 1.23 kg/m3
Drag coefficient 0.38
Vehicle frontal area 2.1 m2
Vehicle mass 1560 kg
Gravitational acceleration 9.81 m/s2
Road angle 0 Degrees
Rolling resistance coefficient 0.01
The net tractive torque from the motor model is converted
to net tractive force in the driveline block, which is sent to the
vehicle dynamics model block to obtain the current vehicle
speed.
IV. SIMULATION RESULTS
This section provides a comparison between the proposed
methodology and current existing architectures. Figs. 5(a)-5(c)
show the maps of three different motors with high efficiency
areas on different operating regions. In this section they will be
denoted as Motor 1, Motor 2, and Motor 3 respectively. Each
motor was simulated separately to see their behaviour with
different drive cycles, and then compared with the proposed
combined multi-motor architecture. In the combined architec-
ture, since the controller decides which motor to operate, the
powertrain views an efficiency map that is the combination of
the three motors’ maps, shown in Fig. 5(d).
For this simulation, the vehicle dynamics used are presented
in Table I. The drive cycles in Figs. 6(a)-6(d) (obtained
from [15]) were used to observe the behavior of SOC under
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Fig. 5: Motor efficiency maps: (a) motor 1, (b) motor 2, (c)
motor 3, and (d) combined motors.
different driving conditions. Fig. 6(a) is a version of the
Federal Test Procedure (FTP) drive cycle and it represents
city driving conditions followed by a short pause, then repeats
the first 505 seconds again. Fig. 6(b) has a portion of the
drive cycle known as ”Supplemental FTP” (US06) repeated
4 times, which represents a highway drive cycle. Fig. 6(c)
is the Urban Dynamometer Driving Schedule (UDDS), and
Fig. 6(d) is a combination of Fig. 6(a) and 6(b). Figs. 7(a)-7(d)
shows the compared battery’s SOC for each drive cycle, and
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Fig. 6: Drive cycles compared: (a) FTP, (b) US06Hwy (re-
peated), (c) UDDS, and (d) a combined FTP and US06Hwy.
Figs. 8(a)-8(d) are the operating regions for those drive cycles
respectively. It can be seen that the proposed architecture
performs better in all cases, which translates to longer range
for the same given battery capacity.
The first drive cycle tested was the FTP drive cycle. The
corresponding Fig. 7(a) shows that after 2500 seconds, the
proposed multi-motor architecture has an SOC that is approx-
imately 0.4% higher than Motor 3, 0.6% higher than Motor
1, and 1.5% higher than Motor 2. Although the operating
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Fig. 7: SOC for (a) FTP, (b) US06Hwy, (c) UDDS, and (d)
the combined FTP and US06Hwy drive cycle.
region of this drive cycle (Fig. 8(a)) has a majority that is
well within the high efficient region of Motor 3 and Motor
1, the proposed motor will incorporate those regions in which
Motor 2 is more efficient hence producing higher SOC levels.
The second drive cycle focused mainly on highway driving
conditions. The test was repeated 4 times to observe the effects
of longer highway drives on the SOC when comparing the
four configurations. Herein (Fig. 7(b)), after 1500 seconds, the
proposed multi-motor architecture is about 1.1% higher than
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Fig. 8: SOC for (a) FTP, (b) US06Hwy, (c) UDDS, and (d)
the combined FTP and US06Hwy drive cycle.
Motor 2, 4.4% higher than Motor 1, and 4.8% higher than
Motor 3. By observing Fig. 8(b), it can be seen that Motor 2
would also do a good job in terms of SOC since it is most
efficient at higher speeds. The third drive cycle tested was the
well known UDDS, which observes the behaviour of typical
city driving conditions. It can be seen from Fig. 7(c) that after
1400 seconds the proposed architecture has an SOC that is
TABLE II: Battery SOC Comparison.
Drive Motor 1 Motor 2 Motor 3 Three
Cycle Motors
FTP 69.7% 68.8% 69.9% 70.3%
US06 18.2% 21.5% 17.8% 22.6%
UDDS 78.8% 77.7% 78.9% 79.2%
Mixed 50.7% 50.6% 50.7% 52.3%
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Fig. 9: Multi-motor architecture with 5 motors.
0.25% higher than Motor 3, 0.4% higher than Motor 1, and
1.5% higher than Motor 2. Fig. 8(c) shows the operating region
of this drive cycle is similar to that of the first test, hence
similar results in terms of SOC performance. The final drive
cycle tested was a combination of the FTP and US06. It is clear
in Fig. 7(d) that after 2848 seconds, the proposed architecture
has an SOC that is 1.6% better than Motor 1 and 3, and 1.7%
better than Motor 2. Looking at the operating regions of this
mixed drive cycle shown in Fig. 8(d), it is evident that it is
a combination of the other three drive cycles. The proposed
architecture will always choose the motor with the highest
efficiency at the current operating region, thus providing higher
SOC levels. Table II shows the SOC of the battery at the end
of the aforementioned drive cycles.
V. GENERALIZED ARCHITECTURE
The multi-motor architecture proposed in this paper incor-
porates motors with different high efficiency operating regions.
As the number of motors increase, the high efficiency region
seen by the powertrain becomes larger. Fig. 9 shows a set up of
five motors, with a corresponding map seen by the powertrain
shown in Fig. 10(a). Although the efficiency map can still be
improved with more motors, the results indicate that there is
no tangible difference in efficiency after five motors. Fig. 10(b)
highlights this by comparing the SOC of a three-motor, five-
motor, and a n-motor architecture. Herein, the difference
between a three-motor and a five-motor configuration after
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Fig. 10: (a)An n-motor efficiency map. (b) SOC of 3 motors,
5 motors, and n-motors
1400 seconds is about 0.47%, whereas the difference between
the five-motor and n-motor configuration is about 0.03%. In
this case, the n-motor architecture map was assumed with a
minimum efficiency of 90% and a majority of 95% across the
entire torque-speed region.
VI. CONCLUSION
In EVs with single motor setups (or dual motors of the
same kind), the motor operates at its highest efficiency only
at a certain region of speed and torque. This paper introduced
a multi-motor architecture for EVs that incorporates motors
with different high efficiency operating regions. Based on the
current vehicle speed and demanded torque, a controller de-
cides which motor would be most efficient to run for the given
operating condition. With this architecture, the powertrain sees
a combined efficiency map that incorporates the best of each
motor. This offers more range for an EV with the same battery
capacity when compared to other architectures.
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